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Abstract
The architecture of a large interstellar spaceship, which is capable of serving as a living environment for
a population over many generations, is mainly dictated by the needs of said population in terms of food,
water and breathable gases. These resources cannot be stored for the entire duration of a journey that goes
on for several centuries, so they must be produced in situ. In order to determine the quantities necessary for
the survival of the population, it is imperative to precisely estimate their needs. In this article, we focus on
accurate simulations of the water and air (oxygen) requirements for any type of population in order to be
able to provide precise constraints on the overall architecture of an interstellar ark (the requirements in terms
of food having already been studied in a previous publication). We upgrade our agent-based, numerical,
Monte Carlo code HERITAGE to include human physiological needs. Our simulations show that, for a crew
of about 1 100 crew members (each characterized with individual anthropometric and biological data), 1.8
× 108 litres of oxygen are annually required, together with 1.1 × 106 litres of water. Those results do not
account for oxygen and water used in growing plants, but they give us an insight of how much resources are
needed in the spaceship. We also review the best methods for generating water from waste gases (namely
carbon dioxide and dihydrogen) and how such system could complement the oxygen-supplying biospheres
inside multi-generational spaceship to form a closed and controlled environment.
Keywords: Long-duration mission – Multi-generational space voyage – Space exploration – Space resources
1 Introduction
In order to prepare for a long-term mission in an en-
vironment where resources are scarce, it is necessary
to plan and budget for the equipment to bring, to
build on site and to recycle. If we take the real exam-
ple of the French commercial ship Clairon et Reine, a
brig which regularly travelled from Marseille (France)
to Smyrna (Turkey) between 1827 and 1836, we can
study how the rationing in food was important and
precise in order to carry out long sea crossings [1].
According to the ship’s documents found in 1973,
each of the ∼ 10 sailors obtained a ration of nearly
4 200 daily kilo-calories in bread, meat, fish, vegeta-
bles and cereals, which matches their intense physical
activity level. Thousands of litres of liquids (mainly
alcohol and water) were loaded on board before each
departure, so that month-long trips could be achieved
[2]. This represents several tens of tonnes of food
which tended to spoil after a few weeks. Now, let us
compare this situation to space travels, where breath-
able air becomes a valuable resources that must be
taken into account in the equation. In addition, it
will not be possible to fish in the vacuum of space,
so food cannot be easily replenished. Storing enough
food, water and nutriments, together with a breath-
able mixture of gases, represents a challenge. First it
will require physical space and add mass to the space
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shuttle or spaceship, which drives higher costs (larger
ships, stronger propulsion systems). Second, water
and food will eventually spoil in time despite the best
industrial methods for food preservation and storage
[3, 4]. These problems are at the centre of contem-
porary thinking for the human exploration and colo-
nization of Mars [5, 6, 7, 8, 9], but also for interstellar
journeys to nearby exoplanets [10, 11, 12, 13].
Sending humans to exo-worlds situated at several
(tens of) parsecs away from the Earth is a rather
complex project, since it requires to travel in deep
space for hundreds of years with subluminal propul-
sion systems. The technological complexity of such
giant spaceship has been highlighted by many authors
[10, 14, 15], but it is universally recognized that the
human aspect of the mission is even more complex.
Multi-generational spaceship are probably the best
option we have since population resources consump-
tion over time can be modelled with great precision
[16]. Those generation ships rely on the principle
that the population aboard will live, procreate, teach
the new generation, and die, allowing the offspring
to continue the journey. Inside the vessel, a closed
ecological system would artificially reproduce Earth-
like conditions, landscapes and flora. The population
of a space ark should not be considered as a unique
crew with a distinct goal, but rather as families and
communities living out normal, small-town lives in
the world ship [17]. However, in order to continue
the space travel, their basic physiological needs must
be fulfilled.
Among the several solutions that have been postu-
lated to solve the issue of the inevitable depletion
of food, water and breathable gases supplies, the
most convincing one is the production of resources
within the spaceship. This can be achieved by ei-
ther recycling wastes, by growing food and plants in
biospheres, or by using chemical reactions to trans-
form non-breathable gases to oxygen. But how much
food, water and oxygen is needed to ensure that
the crew will have enough resources to live a pros-
perous life? Precise quantitative estimations have
been achieved in the case of short duration space-
flights with a limited crew (see, e.g., [18]) but never
in the case of long-duration interstellar travels with
a dynamic population, which is the goal of this pa-
per. We addressed the question of food production
and requirements in a previous publication [13]. We
now turn our attention and our numerical simulation
tool HERITAGE towards the issue of water and air
consumption aboard an interstellar spaceship whose
crew consists of a multi-generational population. In
the following, we will present the latest upgrades of
our agent-based code that were necessary to properly
compute the annual basal oxygen consumption and
the estimated water requirements of the population.
Then, we will review the various methods to refill the
spaceship with pure water and air before concluding
on the importance of planning for a long-duration
space voyage.
2 Upgrading HERITAGE
2.1 Overview of the agent based
Monte Carlo code
The numerical code HERITAGE is a computer pro-
gram that was created to follow the evolution of a
multi-generational population within a closed envi-
ronment with limited resources and neither immi-
gration nor emigration. HERITAGE has been ap-
plied to interstellar space travels but can very well
be applied to local (Earth) situations such as an iso-
lated tribe in the jungle, an island or a Mars colony
experiment such as the Mars-500 project [8] or the
Hawaii - Space Exploration Analog and Simulation
(HI-SEAS) [19].The uniqueness of the code comes
from the fact that it is an agent based tool. Each crew
member is fully simulated using a specific blueprint
(a C++ language class) that includes the most im-
portant biologic and anthropometric data that are
needed to characterize a real human: age, gender,
weight, height, genome, fertility, etc. The biologi-
cal factors are time-dependent and follow biological
and physical laws so that the population can grow
old, reproduce and die in a biologically realistic way.
This allows us to model a real population with mixed
generations and heterogeneous characteristics rather
than populations with clearly separated generations,
as what is usually done in population genetics stud-
ies [20, 21]. HERITAGE is also a Monte Carlo code,
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which means that each event happening in the space-
ship (reproduction, accidents, genetic processes, and
so on) are the result of random draws that follow
mathematical laws. This means that the code can
test all possible outcomes of an event by perform-
ing successive draws. The code must be lopped sev-
eral times (at least one hundred times, see [13]) to
have statistically significant results and determine
the most probable outcomes. The results of the simu-
lations are then averaged over hundreds of loops that,
depending on the number of crew members, can take
hours to days to complete.
The code has been extensively described in the pre-
vious papers of the HERITAGE project [22, 23, 13].
In the following, we will only review the new features
that are necessary to determine air and water con-
sumption aboard a closed environment.
2.2 Equations for air consumption
The daily quantity of air needed by a human under
minimal psychological and physiologic stress, and at
an ambient temperature comprised between 20 and
26.6◦C, has been derived thanks to indirect calorime-
try during clinical experiments [24, 25]. Surprisingly,
this quantity depends only marginally on the sex and
height of the test subject but more strongly on its
weight. Indeed, there is a strong correlation between
the body size and metabolic rate of mammals [26].
Based on clinical observations, an equation was de-
rived to express the basal oxygen consumption (VO2)
as a function of the subject weight w [27, 24]:
VO2 = 10w
3
4 (1)
in milliliter per minute. This equation is known as
Brody’s equation, whose representation can be found
in Fig. 1. It is a continuous function that can be used
as a good proxy for human oxygen needs in stress-free
situations. By volume, dry air (> 10% humidity) con-
tains 78.09% nitrogen, 20.95% oxygen, 0.93% argon,
0.04% carbon dioxide, and small amounts of other
gases [28]. Air also contains a variable amount of
water vapor, on average around 1% at sea level, and
0.4% over the entire atmosphere. From Brody’s equa-
tion, it is thus possible to estimate the basal oxygen
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Figure 1: Plot of the Brody’s equation.
consumption of a whole population (if the weight of
each individual is known) and then derive the related
volume of accompanying gases.
2.3 Equations for water consumption
Water is the largest constituent of the human body
and can be viewed as the most essential nutrient. It
contributes to the global health of humans and also
accounts for a large fraction of their body weight.
Ingesting insufficient daily water doses leads to de-
hydration and volume depletion [29], while too much
water leads to over-hydration and hyponatremia [30].
In order to avoid those life-threatening conditions, an
appropriate amount of water must be consumed per
day. It is recognized that a minimum of one liter
per day is necessary to survive [31], but if we want
to move away from this scarcity assumption, it be-
comes less trivial to properly assess the amount of
water that is required to maintain a healthy body.
There are at least five equations used by clinicians to
determine water requirements. Studies have pointed
out that those five Estimated Water Requirements
(EWR) equations are strongly correlated but do not
necessarily agree with each other [32]. To determine
the best equation, the calculated EWR results were
compared to measurements from the total water in-
take (from food and beverages) from a representative
sample of the United State population. The strongest
agreement between the total water intake and the es-
timated water requirements is found in the case of
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the equation issued by the NRC (National Research
Council) [32]:
EWR♀ = 354− (6.91×A) + (9.36×W × PAL)
− (726×H × PAL)
(2)
EWR♂ = 662− (9.53×A) + (15.91×W × PAL)
− (540×H × PAL)
(3)
with W the weight in kilograms, H the height in me-
ters, A the age in years, and the EWR in milliliter per
day. The acronym PAL stands for Physical Activity
Level and is used to express a person’s daily physi-
cal activity as a quantitative value. Those equations
are based on the basal metabolic rate of individuals,
such as already computed by HERITAGE (see [13]).
They have the advantage of accounting for the body
mass, body height, age, gender and physical activ-
ity level of the subject. All those parameters are al-
ready included in HERITAGE from the previous up-
grade. We thus simply included those equations into
our code to estimate the daily water requirements.
It must be noted that the estimated water re-
quirements are very temperature-sensitive: EWR
increases with ambient temperature as a result of
sweating. The United States Army Research Insti-
tute of Environmental Medicine has developed an
empirical model that includes an equation to predict
sweating rate during work [33, 34]. The model is valid
for dry air temperatures that range between 15 and
40◦C and accounts for four different physical activ-
ity levels. The model has an exponential dependency
on temperature with proportional rate growths (see
[31]). We used the model to numerically determine
a temperature-dependent correction factor fEWR to
apply to the EWR value obtained with Eqs. 2 and 3:
fEWR = a− b
c
× (1− exp(c× T )) (4)
with T the dry air temperature in Celsius degrees, a
= 0.462, b = 0.016 and c = 0.048. This correction fac-
tor must be multiplied to the EWR to account for the
temperature-dependent daily dose of water needed by
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Figure 2: Correction factor applied to the EWR as
a function of dry air temperature aboard the space-
ship. The model is normalized to unity at a nominal
temperature slightly below 20◦C and detailed in the
text.
each crew member. A visual representation of fEWR
is shown in Fig. 2.
The correction factor has been normalized to an
ambient dry air temperature slightly below 20◦C and
a numerical fit allowed us to extend the temperature
range from negative values up to more than 60◦C.
Nevertheless, the HERITAGE code will emit a warn-
ing message whenever the temperature within the
spaceship is below or above the nominal temperature
range fixed by [33, 34], so that the user will know
that the results are subject to larger uncertainties.
The annual dry air temperature aboard the space-
ship is now input data (similarly to the year-by-year
catastrophe risks and equivalent doses of cosmic ray
radiation) that can be fixed by the user. Note that
for climate control, a typical ambient temperature
range is anywhere between 15 and 25◦C. The human
body, dressed appropriately, can survive for a year
under extreme conditions ranging from -60 to +50◦C
in dry air conditions and with regular access to water
at cooler temperatures in the latter case [35]. Above
and below those limits, the crew members are killed
by the program. Finally, effects of extreme tempera-
tures on the human biological functions, such as fer-
tility or blood flow [36, 37], are rather complex to
model and are not included in HERITAGE at this
point.
4
3 Simulations
Now that the code has been upgraded to account
for air (oxygen) and water consumption, we can run
a complete simulation to obtain the annual require-
ments in terms of food, water and air. To do so, we
set up HERITAGE according to the parameters listed
in Tab. 1. We simulate a relatively short space travel
(600 year long) with a worldship of modest size: a
maximum of 1200 crew members can live inside the
vessel but we impose a security threshold of 90% of
that value to prevent overpopulation and resource de-
pletion. We include adaptive social engineering prin-
ciples that is a self-regulation of the population when-
ever the overpopulation threshold is reached. No in-
breeding is tolerated on board (up to first cousins
once removed or half-first cousins) and the procre-
ation window is wide: from 18 to 40 years old. The
crew is expected to be rather inactive when young
(< 18 years old), moderately active in their age 18 –
24, vigorously active between 25 and 50, moderately
active up to 70 years old and sedentary for the rest of
their life. We postulate that the radiation shield of
the interstellar ark is very efficient so that the annual
equivalent dose of cosmic ray radiation never exceeds
2 milli-Sieverts in deep space (i.e., beyond the protec-
tive limits of the Sun and of the star around which is
orbiting the targeted exoplanet). This prevents any
serious risks of neo-mutations, cancers and genetic
malformations. The initial crew is gender-balanced
and older than in our previous simulations: 30 years
old on average with a standard deviation of 5. This
means that a few crew members are older than 40
years old and some are younger than 20 at the begin-
ning of the mission. To move away from the scarcity
paradigm (i.e., imposing the minimal viable popula-
tion of initial settlers at year 0, which is of the order
of 100, see [23]), we choose a departing population of
500 humans. We will discuss the socio-demographic
importance of the initial population age and number
in another publication. We set up a chaotic factor
that can randomly kill any crew member for unex-
pected reasons (deadly accident, premature death,
serious illness, etc.) to 0.1% per year. Finally, the
dry air temperature aboard is stochastically oscillat-
ing between 18 and 21◦C and we set up three inci-
dents along the course of the multi-generational ark
at years 191 (20% causalities), 350 (30% causalities)
and 490 (17% causalities). The casualty percentage
rates are chosen to mimic large-scale catastrophes
and diseases, such as the 14th century Black Plague
(∼ 30% of the European population died, [38]) or the
1918 – 1919 Spanish flu pandemics (∼ 22% of the
Samoa population died, [39]).
The results of the simulations are shown in Fig. 3.
The top-left panel shows the evolution of the pop-
ulation within the spacecraft. From 500 at the be-
ginning of the interstellar travel, the crew quickly in-
creases up to the security threshold. At this point,
the population number is subject to strong variations
as the crew is dominated by demographic echelons
clustered in discrete age groups. With time, this
clustering gradually disappears and a stable popu-
lation level with people of many different ages devel-
ops. The three catastrophes have little impact onto
the resilience of the crew and the population quickly
returns to the stable population level after the lethal
events. The rate of mission success is precisely 100%
in this case. The top-right panel of Fig. 3 shows the
total energy expenditure in kilo-calories per year. On
average, there is a need for ∼ 109 kcal per year to
maintain ideal body weight. Following our investi-
gations presented in [13], this total energy expendi-
ture drives a surface for geoponic agriculture of about
2 square kilometers of farmland for a balanced diet
(fruits, vegetables, meat and fish, dairy and starch).
The use of hydroponic and/or aeroponic agricultures
could help to reduce this surface by a factor two.
The bottom-left figure presents the basal oxygen con-
sumption in liters per year. We see that about 1.8 ×
108 liters of oxygen are annually required to keep the
crew alive. At the spaceship ambient dry air temper-
ature, considering a pressure of one atmosphere, this
represents a volume1 of 1.8 × 105 cubic meters (2.4 ×
105 kilograms). If we account for nitrogen among the
breathable gases, at a fraction of 78.09% of the air
composition, this means that an additional amount
of 6.7 × 108 liters of nitrogen is needed inside the
vessel, which corresponds2 to ∼ 6.7 × 105 cubic me-
11 liter of oxygen gas represents a volume of 10−3 m3 and
a mass of 1.309 g at 21◦C and 1 atm.
21 liter of nitrogen gas represents a volume of 10−3m3 and
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Parameters Values Units
Number of space voyages to simulate 100 –
Duration of the interstellar travel 600 years
Colony ship capacity 1200 humans
Overpopulation threshold 0.9 fraction
Inclusion of Adaptive Social Engineering Principles (0 = no, 1 = yes) 1 –
Genetically realistic initial population (0 = no, 1 = yes) 1 –
Number of initial women 250 humans
Number of initial men 250 humans
Age of the initial women 30 ± 5 years
Age of the initial men 30 ± 5 years
Number of children per woman 2 ± 0.5 humans
Twinning rate 0.015 fraction
Life expectancy for women 85 ± 5 years
Life expectancy for men 79 ± 5 years
Mean age of menopause 45 years
Start of permitted procreation 18 years
End of permitted procreation 40 years
Initial consanguinity 0 fraction
Allowed consanguinity 0 fraction
Life reduction due to consanguinity 0.5 fraction
Chaotic element of any human expedition 0.001 fraction
Table 1: Input parameters of the simulation. The µ ± σ values shown for certain parameters indicate
that the code needs a mean (µ) and a standard deviation value (σ) to sample a number from of a normal
(Gaussian) distribution.
ters (7.7 × 105 kilograms). In total, the spaceship
must have a volume of about 106 cubic meters just
to store the required breathable gases (nitrogen and
oxygen) at 21◦C and at a pressure of one atmosphere
for a full year. Considering the simplest geometry for
such spaceship (a cylinder), this represents a struc-
tural length longer than 350 meters for a fixed ra-
dius of 30 meters. Storing a fraction of the gases in
pressurized tanks would help to drastically decrease
such architectural constraints. The breathable gases
could then be released inside the vessel according the
monitored needs of the crew. In addition, it is not
necessary to keep enough gases for a full year. Day-
to-day oxygen and nitrogen production aboard must
participate actively in the renewal of the breathable
atmosphere (see Sect. 4.1). Finally, the bottom-right
panel of Fig. 3 presents the estimated water require-
a mass of 1.155 g at 21◦C and 1 atm.
ments in liters per year. There is an annual need
of 1.1 × 106 liters of water to hydrate the popula-
tion. Of course, this amount of water does not in-
clude the volume required by the biosphere (plants,
animals, insects, bacteria ...) inside the ark to sur-
vive. It gives us a lower limit solely based on human
needs. This quantity represents a volume of 1100 cu-
bic meters of water (1.1 × 106 kilograms), or a cylin-
der of length 35.4 meters and radius 3 meters. This
is a much smaller volume than what is required by
breathable gases requirements; water could be stored
in containers that are fixed on the vessel’s flanks, min-
imizing the loss of space inside the spacecraft. Due
to the coldness of the interstellar atomic and molec-
ular media (≤ -173.15◦C, [40]), water stored outside
the spaceship would freeze (no need for active cool-
ing in deep space) and could be used as an ice shield
against interstellar debris. Pathogens would not pro-
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Figure 3: HERITAGE results for a 600 years-long interstellar travel under the conditions described in the
text. The supplemental noise seen in the estimated water requirements is due to the random fluctuations of
the dry air temperature aboard the spaceship.
liferate at those temperatures and sterilizing water is
a known and easy process. In principle, collecting the
required amounts of water from Solar System sources
could be achieved well before the mission even begins
but, from cost-wise and security reasons, it would be
preferable to obtain new and fresh water during the
journey. The question of how to renew the water
supply will be discussed in Sect. 4.2.
4 Producing air and water re-
sources in space
Our HERITAGE simulations have proven that
tremendous annual amounts of oxygen and water are
required to keep the crew alive during centuries-long
deep space travels. It is not a viable option to store all
the necessary resources at the beginning of the travel
since the quality of liquid water would likely dete-
riorate with time. Microbial cells (pathogenic bac-
teria such as, e.g., legionella) would ultimately grow
and induce pathogenic properties. Excessive growth
of bacteria in drinking water leads to hygienic, aes-
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thetic and operational problems [41]. In addition, the
required volumes to store millions of water litres and
billions of cubic meters of breathable gases would in-
duce disproportionate costs that could affect the over-
all feasibility of ark-like projects. For those reasons,
in situ recycling and production of fresh air, water
and food are necessary [13].
4.1 How to recycle and produce
breathable gases?
The most convincing and accurate examples that we
have concerning the production of breathable gases in
space are the Mir and ISS space stations. Inside those
orbiting habitats, large scale plant photosynthesis is
not feasible to produce enough oxygen so they rely on
several methods to generate breathable gases: pres-
surized oxygen tanks, oxygen generators and solid
fuel oxygen generators. These systems are not per-
fectly efficient and losses are compensated by deliver-
ies from Earth. Of course, the delivery of oxygen to
an interstellar spaceship is not realistic, but nothing
prevents the crew to store pressurized tanks in case of
a disaster. To provide a continuous flow of oxygen,
generators such as the Russian-made Elektron-VM
[42, 43] and the United States Environmental Con-
trol and Life Support System (ECLSS, [44, 45]) are
used. The oxygen generators option relies on water
electrolysis that splits H20 molecules into hydrogen
gas and oxygen gas such as:
2H+ + 2e− → H2 (5)
at the cathode and:
2H2O → O2 + 4e− + 4H+ (6)
at the anode when the half reactions are balanced
with acid. In the case of a balance with a base, the
reactions become:
2H2O + 2e
− → H2 + 2OH− (7)
at the cathode and:
2OH− → 1
2
O2 +H2O + 2e
− (8)
at the anode. Combining either half reaction pair
yields the same overall decomposition of water into
oxygen and hydrogen:
2H2O → 2H2 +O2 (9)
The electricity is generated by the station’s solar
panels and supplied to the oxygen generators through
the station’s power grid [46]. Water is essentially
provided from Earth by space shuttles, which make
oxygen generators such as Elektron-VM and ECLSS
less reliable in case of water shortage. The last
method to produce breathable gases uses chemical re-
actions. Solid fuel oxygen generators consist of canis-
ters that contain a mixture of powdered sodium chlo-
rate (NaClO3) and iron (Fe) powder. The ignition of
the iron powder provides the heat energy required to
break down the sodium chlorate into sodium chloride
and oxygen gas (plus residual iron oxide) such as:
NaClO3 + Fe→ 3O2 +NaCl + FeO. (10)
One kilogram of mixture is enough to provide oxy-
gen for 6.5 man-hours [47, 48, 49, 50]. Chemical oxy-
gen generators are the most used methods to supply
oxygen in confined spaces, especially because of their
long shelf life and reliability. Nevertheless, all the
three technologies require resources that are not ef-
fortlessly accessible in deep space. Recycling breath-
able gases is necessary but not easily achievable, even
in space shuttles and space stations. Experiments
involving organic compounds [51, 52] or microalgae
[53, 54, 55] to recycle carbon dioxide are under study
but they are not expected to be 100% efficient. The
only way to provide enough breathable gases and re-
cycle gas wastes is to mimic the Earth system: grow-
ing plants in space. This is a challenging task but
the recent success of the Chang’e 4 lunar lander in
January 2019 is paving the way towards more and
more complex biosphere experiments. The Chinese
mission carried a 3 kg sealed biosphere-like box with
seeds and insect eggs to test whether plants and in-
sects could hatch and grow together in synergy. It
successfully achieved the sprout of cottonseed (and,
maybe, of rapeseed and potato seeds, but this has not
been confirmed yet) within nine days, before a fail-
ure of the temperature system [56]. Larger biosphere
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experiments, such as Biosphere II, are trying to recre-
ate a viable ecosystem inside a huge closed dome
that could very well be representative of a spacecraft
[57, 5, 6, 7]. This option is the only realistic one
to consistently provide enough breathable gases to
multi-generational crews, recycle carbon dioxide and
other by-products of life aboard a closed system, and
create a pleasant living and working environment for
the crew. However, this potential solution must be
explored carefully since the carbon dioxide content
of the air is low; hence it might require a significant
extra mass of carbon. In addition, it is extremely dif-
ficult to calculate how the efficiency works with such
complicated networks, since some carbon dioxide will
be taken up by the plants for photosynthesis. Large
scale experiments, such as Biosphere II, are therefore
fundamental to the preparation of interstellar arks.
4.2 Where to find water in deep
space?
The problem of renewing water in space is even more
complex than that of creating oxygen in a closed envi-
ronment. The Solar system is full of small icy bodies
(comets and asteroids) that could be collected prior
to the mission or even during the spaceflight to re-
store the water tanks level after purification of the
melted ice. Harvesting water in the Solar system be-
fore the launch of the space ark might be a good op-
tion since it can be done during the construction time
of the spaceship. However, as we already stated it, it
is dangerous to travel with all the water stored for the
mission. In case of a catastrophe that would destroy
part of the reserves, this would mean the end of the
mission. It is then necessary to collect additional wa-
ter on the course to the exoplanet. But, is this really
an option? The closest asteroid belt is the Main Belt.
It is estimated to contain millions of objects and is
located between the orbits of Mars and Jupiter (∼ 2
– 3 astronomical units, au, from the Sun). Further
away are Trojan asteroids, rocky/icy bodies that are
a separate group of asteroids lying outside the main
asteroid belt and sharing an orbit with Jupiter (∼
5 – 6 au). Several comets and ice-coated irregular
satellites of the giant planets are situated shortly af-
ter the Trojan asteroids, up to the Neptune Trojans
at ∼ 30 au. At larger distances from the Sun, Kuiper
belt objects fill the space up to ∼ 55 au. Most of
the aforementioned asteroids are situated along (or
close) to the planet’s orbital plane [58]. This means
that any interstellar travel whose direction does not
lie close to the Solar system ecliptic plane is less likely
to encounter asteroid that could be harvested to re-
store water levels (at least up to 55 au). In addition
to the inherent risks of boarding a fast moving3 space
rock, the chances to encounter enough asteroids along
the spaceship’s trajectory within the Solar system is
rather low if the ship’s path deviates from the eclip-
tic. The only true potential reservoir of frozen water
that lies “close” to the Sun is the Oort cloud. The
Oort cloud is a large hypothetical spherical reservoir
of comets that surrounds the Solar system at dis-
tances between 20 000 and > 100 000 au [62]. The
outer envelope could be the source of most long-lived
comets and be an ideal target for water replenishment
if the risk is worth it. Finally, in the deep interstellar
space, the number density of comets and asteroids
that could be used to extract water is so low (1.4 ×
10−4 au−3 at a 90% confidence limit, [63]) that such
an option could be safely discarded.
We established that extracting water from comets
and asteroids during the spaceship course is not a vi-
able option. Is recycling water from humans, plants
and industrial activities within the spaceship feasi-
ble? Aboard the ISS there are two water recovery
systems, one that processes water vapor from the at-
mosphere (the water is then fed to electrolysis oxy-
gen generators) and one that processes water vapor
collected from the atmosphere and urine into water
that is intended for drinking. However, they are not
100% efficient since some water is lost due to small
amounts of unusable brine produced by the recycling
systems, water consumption by the oxygen genera-
tors, airlocks leaks that take humidity with them,
and a few more. Even with a 95% efficient system,
such as the NASA’s Vapor Compression Distillation
experiment [64], the amount of water that is lost per
year is non-negligible and requires filling the reserves
with fresh water. This demonstration has the corol-
3The average orbital speed of a main-belt asteroid is
17.9 km.s−1, the orbital speed of Ceres [59]. Ceres has a pretty
typical orbit and makes up a third of the Belt by mass [60, 61].
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lary that some water must be created within the ship
in addition to the water recovered from the recycling
systems. To do so, we can rely on chemical reac-
tions. In particular, the Sabatier process could be
used to produce methane and water. To do so, the
methodology relies on the reaction of hydrogen with
carbon dioxide at elevated temperatures (optimally
300 – 400 ◦C) and pressures in the presence of a nickel
catalyst [65, 66, 9]. The chemical exothermic process
is such as:
CO2 + 4H2 → CH4 + 2H2O. (11)
A very interesting by-product of the Sabatier reaction
is the production of methane that could be very well
used as a propellant for the spaceship. In addition,
this process would recycle the human production of
carbon dioxide to produce water, that in turn could
be used to water the plants and create a complete
loop. Along the same line of thoughts, the Bosch
reaction is under study to complement the Sabatier
reaction to maximize water production aboard the
ISS or during future Martian colonies [9]. The overall
reaction is:
CO2 + 2H2 → C + 2H2O. (12)
This reaction requires the introduction of iron as a
catalyst and requires a temperature range of 530 –
730 ◦C [67], which is substantially higher than the
Sabatier process. Yet, similarly to the first chemical
method, the Bosch reaction would also allow for a
completely closed hydrogen and oxygen cycle within
the biosphere. The by-product of this reaction is the
production of carbon that could be used for manufac-
turing, but the production of elemental carbon tends
to foul the catalyst’s surface, which is detrimental to
the reaction’s efficiency.
4.3 Life support systems, virtual
habitat models and HERITAGE
The ECLSS aboard the ISS is part of the more gen-
eral class of life support system (LSS). The goal
of any LSS is to create and manage a viable envi-
ronment with sufficient breathable gases, water and
food, but also to maintain human-adapted tempera-
ture and pressure conditions. Another task of a LSS
is to manage waste and recycle unnecessary mate-
rial. The ECLSS is crucial for the survivability of
the ISS crew and it is easy to foresee that a simi-
lar (yet at larger scale) situation would apply in the
case of generation ships. LSS are well adapted for
astronaut crews that are, on average, anthropomet-
rically similar. In the case of the ECLSS, the human
baseline values and assumptions are such: a typical
crew member has a mass ranging from a 95th per-
centile American male, with a total body mass of
99 kg, to a 5th percentile Japanese female, with a
total mass of 53 kg [68]. Despite the use of simi-
lar equations for the basal metabolic rate and water
consumption than in this paper, the ECLSS assump-
tions about the crew body mass and metabolic rate
are only valid for humans older than 19 years. The
water/air consumption and wastes of the same stan-
dard crew member with a fixed respiratory quotient
at a fixed ambient temperature are averaged, and the
physical activity levels are planned over a standard
workweek [69]. No children nor elder crew members
are accounted for in the human model of the ECLSS.
Those strong assumptions are perfectly valid for the
ISS case, where only trained astronauts are likely to
go, but the assumptions must be corrected in the
case of an interstellar ark. Our HERITAGE code is
certainly not as efficient as the ECLSS model in the
case of a daily estimation of the human needs. Most
of the biological functions included in the code are
based on medical data that are year-dependent, not
day-dependent. For this reason, HERITAGE is not
likely to replace a LSS. However, our code has the
dual benefit of being adapted to the yearly consump-
tion of any type of population and it is a dynamical
code that reacts to changes in temperature, cosmic
ray radiation doses, population size variations, etc.
HERITAGE shares more comparative points with
virtual habitat models. In particular, the V-HAB
model developed by the Exploration Group in Mu-
nich [70, 71, 72] includes a dynamic representation
of the crew to be integrated in any LSS. The human
model includes a much more sophisticated represen-
tation of the human body (lungs, heart, kidneys, flu-
ids ...) and very precise estimations of the water, food
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and breathable gases intake can be achieved. The V-
HAB model works very well when compared to ISS
data and can be used to prepare a Mars colony with
reliable numbers. Nevertheless, the human model in
V-HAB remains static, in the sense that only stan-
dardized, active, male adults can be modelled [72].
HERITAGE accounts for gender, age, size, weight
and genetic diversity. This makes HERITAGE a valu-
able and complementary tool to LSS and virtual habi-
tat models to obtain precise (at a year timescale)
quantitative values of the human needs in terms of
food, water and breathable gases, accounting for a
dynamical population that is truly representative of
an off-world colony.
5 Conclusions
We have developed the HERITAGE code to in-
clude water and oxygen consumption aboard multi-
generational interstellar spaceship. The code now es-
timates the annual requirements in terms of water
and oxygen volumes that a heterogeneous population
would need to live comfortably, accounting for vari-
ous physical activity levels, body shapes and ambi-
ent dry air temperatures. The results of a simulation
where about 1 100 crew members are numerically in-
vestigated shows that about 1.8 × 108 liters of oxygen
are annually required to keep the crew alive, together
with ∼ 106 liters of water. Those results do not ac-
count for oxygen and water used in growing plants,
but they give us an insight of how much resources
are needed in the spaceship. This, in turns, help us
to determine the architectural constraints of such an
enterprise.
In order to narrow down the possibilities to restore
the levels of breathable gases and water, we under-
took a concise review of the methods for recycling
and producing air and water in space. The most con-
vincing methods rely on photosynthesis aboard the
spaceship and chemical reactions to maintain a closed
loop for water and air. Humans (and animals and in-
sects) would inhale air and exhale carbon dioxide.
This carbon dioxide will in turn be partially recycled
by the plants from the biosphere, and partially used
to feed the Sabatier and Bosch chemical reactors to
produce water. Water will be used to hydrate hu-
mans and water the plants. The by-products of the
chemical reactors could be then used as engine fuel or
raw material for industries. This first order scheme
is of course too simplistic as such, but it gives us a
direction of study to really get a stable biosphere.
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